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EXPLORATORY INVESTIGATION ON THE MEASUREMENT OF 

SKIN FRICTION BY MEANS OF LIQUID CRYSTALS~ 

By Enrique J. Klein and Angelo P .  Margozzi 

Ames Research Center  

SUMMARY 

A new method is  proposed f o r  d i r e c t l y  measuring l o c a l  s k i n  f r i c t i o n  i n  
aerodynamic t e s t i n g .  
c r y s t a l  mixtures  t h a t  respond t o  shear ing  forces  by changes i n  t h e  wavelength 
o f  maximum l i g h t  s c a t t e r i n g .  
obtained f o r  a sample substance;  a s t a t i c  c a l i b r a t i o n  was made t o  measure t h e  
effects  of temperature ,  p re s su re ,  and angle of  viewing; and t h e  behavior  of 
t h e  subs tance  was observed i n  a pipe-flow experiment. Prel iminary r e s u l t s  
showed t h a t  t h e  method appears f e a s i b l e .  However, f o r  such a method t o  become 
widely app l i cab le  i n  wind-tunnel t e s t i n g ,  f u r t h e r  research  w i l l  b e  needed i n  
(1) ob ta in ing  l i q u i d  c r y s t a l  mixtures s e n s i t i v e  over  appropr i a t e  ranges on t h e  
shear  s c a l e ,  ( 2 )  prevent ing  t h e  occurrence of roughness on t h e  s u r f a c e  of  
l i q u i d  c r y s t a l  coa t ings  sub jec t ed  t o  aerodynamic shea r  f o r c e s ,  and (3)  
developing a s u i t a b l e  o p t i c a l  measuring technique f o r  d a t a  a c q u i s i t i o n .  

I t  makes u s e  of  t h i n  coa t ings  of c h o l e s t e r i c  l i q u i d  

A c a l i b r a t i o n  of shea r  versus  wavelength was 

INTRODUCTION 

Est imat ing t h e  drag  and o the r  f l i g h t  c h a r a c t e r i s t i c s  of a f u l l - s c a l e  
a i r c ra f t ,  cn t h e  b a s i s  of wind-tunnel d a t a  from sma l l - sca l e  models, r e q u i r e s  
an important c o r r e c t i o n  f o r  t h e  d i f f e rences  i n  l o c a l  s k i n  f r i c t i o n  between t h e  
a i rc raf t  and t h e  model. 
f u l l - s c a l e  a i rc raf t  inc ludes  an eva lua t ion  of t h e  drag  due t o  s k i n  f r i c t i o n  on 
t h e  model. 
r e q u i r e s  a knowledge of t h e  l o c a l  s k i n  f r i c t i o n  over  t h e  e n t i r e  s u r f a c e .  
d i f f i c u l t i e s  of determining l o c a l  s k i n  f r i c t i o n  i n  t h e  wind tunnel  are charac-  
t e r i z e d  by t h e  labor iousness  and i m p r a c t i c a l i t y  of  d i r e c t  measuring methods 
c u r r e n t l y  i n  u s e ,  involv ing  such devices  as Pres ton  tubes ,  S tan ton  tubes ,  and 
f l o a t i n g  element ba lances .  I n d i r e c t  methods are usua l ly  f r augh t  wi th  uncer- 
t a i n t i e s .  Typ ica l ly ,  such methods r e q u i r e  t h e  l o c a t i o n  of boundary-layer 
t r a n s i t i o n  on t h e  model su r face  followed by computations of s k i n  f r i c t i o n  
based on t h e o r e t i c a l  cons ide ra t ions ,  o r  the experimental  de te rmina t ion  of  

The usua l  procedure f o r  computing t o t a l  d rag  f o r  t h e  

The eva lua t ion  of  t h e  t o t a l  sk in  f r i c t i o n  drag  on t h e  model 
The 

'This paper  was presented  a t  t h e  Eleventh Israel  Annual Conference on 
Aviat ion and Ast ronaut ics ,  Tel Aviv and Haifa, March 1969. The i n v e s t i g a t i o n  
was accomplished dur ing  t h e  s e n i o r  au tho r ' s  t enu re  of a Nat ional  Research 
Counci 1 Pos tdoc tora l  Research Associateship supported by t h e  Nat ional  
Aeronautics and Space Adminis t ra t ion.  



l o c a l  h e a t - t r a n s f e r  r a t e ,  and t h e  subsequent a p p l i c a t i o n  of t h e  Reynolds 
analogy. 
s e n s i t i v e  l i q u i d  c r y s t a l  mixtures .  
determining s k i n  f r i c t i o n  over t h e  e n t i r e  s u r f a c e  of  a model. 

The method proposed i n  t h i s  paper i s  based on t h e  use  of shear -  
I t  would provide  a d i r e c t  c o r r e l a t i o n  f o r  

This work was prompted by t h e  s e n i o r  a u t h o r ' s  previous experiences i n  t h e  
a p p l i c a t i o n  of l i q u i d  c r y s t a l s  t o  aerodynamic t e s t i n g  ( r e f s .  1 and 2 ) ,  which 
involved t h e  use o f  tempera ture-sens i t ive  mixtures i n  boundary-layer-flow 
v i s u a l i z a t i o n  s t u d i e s .  

The p r i n c i p a l  ob jec t ive  of  t h i s  i n v e s t i g a t i o n  i s  t o  l ay  t h e  groundwork 
i n  t h e  development of a l i q u i d  c r y s t a l  method f o r  measuring l o c a l  s k i n  f r i c -  
t i o n .  A complete method, as envisaged a t  t h i s  t ime,  would c o n s i s t  i n  having 
a se t  of s u i t a b l e  l i q u i d  c r y s t a l  mix tures ,  app ropr i a t e  model coa t ing  tech-  
n iques ,  and sens ing  and record ing  equipment capable  of  g iv ing  i n  d i g i t a l  form 
t h e  d i s t r i b u t i o n  of l o c a l  s k i n  f r i c t i o n  over t h e  s u r f a c e  of  a model. This  
i n v e s t i g a t i o n  r e p o r t s  on r e s u l t s  from t h e  pre l iminary  c a l i b r a t i o n  and pipe-  
flow t e s t s  of l i q u i d  c r y s t a l  mixtures and provides  gu ide l ines  f o r  t h e  f u t u r e  
development of a complete method. 

The authors  would l i k e  t o  express  t h e i r  apprec i a t ion  t o  Messrs. J .  L .  
Fergason and E. Sharp less  of t h e  Liquid Crys t a l  I n s t i t u t e  i n  Kent, Ohio, f o r  
t h e i r  advice and f o r  supplying t h e  i n i t i a l  l i q u i d  c r y s t a l  samples.  

LIQUID CRYSTAL MIXTURES 

Liquid c r y s t a l s  a r e  mostly d e r i v a t i v e s  of c h o l e s t e r o l .  In  t h e i r  
c h o l e s t e r i c  phase ( r e f .  3 ) ,  they  appear as v iscous  l i q u i d s  and y e t  show many 
of t h e  f e a t u r e s  of s o l i d  c r y s t a l s .  One of t h e s e  f e a t u r e s  i s  se lec t ive  l i g h t  
s c a t t e r i n g ,  t h a t  i s ,  when i l lumina ted  with unpolar ized white  l i g h t  i n c i d e n t  a t  
a given angle ,  l i q u i d  c r y s t a l s  r e f l e c t  only one l i g h t  wavelength s t r o n g l y  a t  
each viewing angle .  Small changes i n  temperature ,  shea r ,  e lec t romagnet ic  
r a d i a t i o n ,  o r  chemical contamination can cause a change i n  t h e  molecular 
s t r u c t u r e  of t h e  l i q u i d  c r y s t a l s  and s h i f t  t h e  wavelength of t h e  r e f l e c t e d  
l i g h t  i n  a continuous manner, u sua l ly  from c o l o r l e s s ,  through a sequence of 
b r i l l i a n t  colors, and again t o  c o l o r l e s s .  This  phenomenon i s  r e v e r s i b l e  
except  i n  t h e  case  of permanent chemical contaminat ion.  
on t h e  o p t i c a l  p r o p e r t i e s  of  c h o l e s t e r i c  l i q u i d  c r y s t a l s  and on t h e i r  u s e  i n  
thermal mapping has been authored by J. L.  Fergason ( r e f .  3 ) .  

A comprehensive paper  

So f a r  l i q u i d  c r y s t a l s  have been used mainly f o r  thermal mapping. 
app l i ca t ion  i s  favored by cu r ren t  c a p a b i l i t i e s  f o r  prepar ing  l i q u i d  c r y s t a l  
mixtures with a co lo r  i n d i c a t i o n  over  t h e  e n t i r e  v i s i b l e  spectrum w i t h i n  a 
d e s i r e d  temperature  span, on a wide range of  temperature  l e v e l s  ( r e f s .  3 and 
4). No such c a p a b i l i t i e s  are c u r r e n t l y  a v a i l a b l e  f o r  t h e  p repa ra t ion  o f  
l i q u i d  c r y s t a l  mixtures  s e n s i t i v e  t o  shea r .  

This  

The c r i t e r i a  considered i n  s e l e c t i n g  a l i q u i d  c r y s t a l  mixture f o r  t h i s  
i nves t iga t ion  were: (1) shea r  s e n s i t i v i t y ,  ( 2 )  i n s e n s i t i v i t y  t o  temperature ,  
and (3) chemical s t a b i l i t y  around t h e  ope ra t ing  temperatures .  
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A l i q u i d  c r y s t a l  mixture ,  conforming reasonably we l l  t o  t h e  above 
c r i t e r i a ,  was obta ined  by an e n t i r e l y  empir ical  approach. 
LCS-15, had t h e  fol lowing composition: 
26.75 percent  c h o l e s t e r y l  ch lo r ide ,  8.25 percent  c h o l e s t e r y l  benzoate ,  and 
5 percent  c h o l e s t e r y l  o l e y l  carbonate .  

This mixture ,  
60 percent  c h o l e s t e r y l  nonanoate, 

The b a s i s  f o r  LCS-15 i s  a mixture of  cho le s t e ry l  nonanoate and 
c h o l e s t e r y l  c h l o r i d e ,  as repor ted  by Fergason e t  a l .  ( r e f .  4). In given pro- 
po r t ions ,  t h i s  mixture  shows l i t t l e  s e n s i t i v i t y  t o  temperature  over  wide tem- 
pe ra tu re  spans,  d i sp l ays  a remarkable shear  s e n s i t i v i t y ,  b u t  c r y s t a l l i z e s  a t  
room temperature  i n  a matter of minutes.  
improve temperature  i n s e n s i t i v i t y ,  and cho le s t e ry l  o l e y l  carbonate  was added 
t o  lower t h e  mel t ing  p o i n t  of t h e  mixture ,  main ta in ing  it l i q u i d  a t  room 
temperature f o r  about 24  hours .  

Cholesteryl  benzoate  was used t o  

CALIBRATION AND EXPERIMENTAL TECHNIQUES 

Three s e p a r a t e  experiments were devised t o  c a l i b r a t e  and t e s t  t h e  
response of l i q u i d  c r y s t a l  mixtures:  

1. 
temperature ,  p re s su re ,  and angle  of  viewing on t h e  wavelength of maximum 
s c a t t e r i n g  from a l i q u i d  c r y s t a l  mixture.  

A s t a t i c  c a l i b r a t i o n  experiment designed t o  measure t h e  e f f e c t  o f  

2 .  An experiment f o r  t h e  d i r e c t  measurement of shea r  versus  wavelength 
of maximum s c a t t e r i n g .  

3 .  A pipe-flow experiment t o  determine t h e  behavior  of t h e  l i q u i d  
c r y s t a l  mixture  i n  a wind- tunnel - l ike  environment. 

STATIC CALIBRATION EXPERIMENT 

The diagram i n  f i g u r e  1 shows t h e  general  arrangement of t h e  components 
used i n  t h e  c a l i b r a t i o n  of l i q u i d  c r y s t a l  mixtures wi th  temperature ,  p r e s s u r e ,  

and angle of  i l l u m i n a t i o n  and viewing. 
The o p t i c a l  measuring apparatus ,  which is  
p a r t  o f  t h i s  arrangement, i s  shown i n  

ROTATING TABLE f igu re  2 .  I n  t h i s  t e s t ,  a narrow beam of  
monochromatic l i g h t  of  cont inuously v a r i -  
ab le  wavelength was focused on t h e  l i q u i d  
c r y s t a l  sample w i t h i n  t h e  sea l ed  t e s t  
chamber. The o p t i c a l  ax i s  of t h e  mono- 
chromator was t i l t e d  away from t h e  h o r i -  
zontal  whi le  t h e  l i q u i d  c r y s t a l  sample 

LIGHT SOURCE was kept i n  t h e  v e r t i c a l  p lane  i n  o rde r  
t o  d i v e r t  t h e  l i g h t  r e f l e c t e d  from both 
the  g lass  window of t h e  s e a l e d  chamber 
and the l i q u i d  c r y s t a l  s u r f a c e  from t h e  

PHOTOMULTIPLIER 

TUNGSTEN-HP. 

Figure 1.- Schematic layout of the static 
calibration equipment. 
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Figure 2.- Optical apparatus for the measurement Figure 3.- Plan view and elevation of the 
of wavelength peaks. optical arrangement. 

photomul t ip l ie r  f o r  a l l  angles  a o f  t h e  sample ( see  f i g .  3 ) .  This  allowed 
t h e  measurement o f  only t h e  weak, s c a t t e r e d  l i g h t  r e f l e c t e d  i n t o  t h e  photo- 
m u l t i p l i e r  by two f r o n t  su r f ace  mi r ro r s .  Because of  t h e  very low i n t e n s i t y  of 
t h e  s c a t t e r e d  l i g h t ,  t h e  e n t i r e  appara tus  was covered t o  minimize extraneous 
l i g h t .  
l i g h t .  A small angle  was chosen s o  as t o  o b t a i n  nea r  maximum i n t e n s i t y .  The 
p lane  of t h e  l i q u i d  c r y s t a l  sample can be  r o t a t e d  by an angle  of  0" t o  30' 
with respec t  t o  t h e  b i s e c t o r  o f  t h e  i n c i d e n t  and measured l i g h t  r a y s .  The 
photomul t ip l ie r  gave a r e a d i l y  i d e n t i f i a b l e  peak i n d i c a t i o n  when t h e  wave- 
length  of t h e  l i g h t  i nc iden t  on t h e  l i q u i d  c r y s t a l s  corresponded t o  t h e i r  
wavelength of maximum s c a t t e r i n g .  
2O0-watty tungs ten-ha l ide  lamp t h a t  i l l umina ted  t h e  monochromator s l i t .  The 
monochromator was of  t h e  g r a t i n g  type ,  with a 1-nm s p e c t r a l  bandwidth. 
ou tput  of t h e  pho tomul t ip l i e r  was read  on a picoammeter and could b e  recorded 
with a pen recorder .  

The s c a t t e r e d  l i g h t  was measured a t  an angle  o f  13" t o  t h e  i n c i d e n t  

a 

The o p t i c a l  system included an a i r - coo led ,  

The 

The remaining components o f  t h i s  system were used i n  s e t t i n g  and measur- 
i n g  t h e  temperature ,  p re s su re ,  and angle  o f  t h e  l i q u i d  c r y s t a l  sample. For 
t h e  tests, a 10 percent  s o l u t i o n  o f  l i q u i d  c r y s t a l s  i n  petroleum e t h e r  was 
appl ied  wi th  an a r t i s t ' s  a i r  brush t o  provide a uniform coa t ing  about 0 .15 t o  
0 . 2  mm t h i c k ,  and t h e  so lvent  allowed t o  evapora te .  
on a copper p l a t e  covered with a coa t  of  f l a t  b lack  lacquer .  
a t tached  t o  t h e  s u r f a c e  of a the rmoe lec t r i c  assembly opera ted  by a d i r e c t  
cu r ren t  power supply,  capable of  coo l ing  down t o  about -17' C .  
were measured with a copper-constantan thermocouple clamped t o  t h e  copper 
p l a t e ,  referenced t o  an ice  ba th ,  and connected t o  a poten t iometer .  The 
l i q u i d  c r y s t a l  sample was enclosed i n  t h e  s e a l e d  t e s t  chamber. 
i n  t h i s  chamber was regula ted  from atmospheric  t o  a few t o r r  by means of  a 
vacuum pump and dry  a i r  f o r  p r e s s u r i z i n g .  
l u t e  pressure  manometer. 
sample was mounted on a r o t a t i n g  t a b l e  wi th  graduat ions  i n  degrees .  

The subs tance  was sprayed 
This  p l a t e  was 

Temperatures 

The p res su re  

Pressure  was measured by an abso- 
The e n t i r e  assembly conta in ing  t h e  l i q u i d  c r y s t a l  

The c a l i b r a t i o n  cons i s t ed  i n  t ak ing  peak wavelength measurements f o r  
a f t e r  t h e  temperature  and p r e s s u r e  became s e v e r a l  values  of t h e  angle  a 

s t eady  a t  t h e  l i q u i d  crystals i n  t h e  t e s t  chamber. 
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Experience ind ica t ed  t h a t  t he  l i q u i d  c r y s t a l s  were unaf fec ted  by t h e  
s u b s t r a t e  coa t ing  upon which they were sprayed, provided t h e  two d id  no t  com- 
b i n e  chemically.  Thermal expansion of the  s u b s t r a t e  would no t  a f f e c t  t h e  
wavelength i n d i c a t i o n  s i n c e  l i q u i d  c r y s t a l s  respond only t o  dynamic f o r c e s .  
Dry a i r  was used i n  t h e  t e s t  chamber t o  s imulate  t h e  condi t ions  of  a wind- 
tunnel  environment, even though water vapor i n  t h e  ambient a i r  had no e f f e c t  
on the  l i q u i d  c r y s t a l s .  

SHEAR CALIBRATION 

The a r t i s t ' s  r ep resen ta t ion  i n  f igu re  4 shows t h e  apparatus  devised f o r  
t h e  c a l i b r a t i o n  of l i q u i d  c r y s t a l s  with shear .  In  t h i s  t e s t ,  f a l l i n g  weights 

dr ive  a s h a f t  car ry ing  a wheel wi th  a 
f l a t - f a c e d  annulus pro t ruding  from i t s  
s i d e .  Another annulus on a second wheel 
i s  matched t o  t h e  f irst .  This second 
wheel i s  made of  t r anspa ren t  material, 
mounted on a s e p a r a t e  s h a f t ,  and 
r e s t r a i n e d  from r o t a t i n g  by a fo rce  gage 
and counterweights.  The i n t e r s t i c e  

DRIVE between t h e  annul i  was f i l l e d  with a 
l i qu id  c r y s t a l  mixture and t h e  angular  
ve loc i ty  of t h e  f i r s t  wheel was s e t .  
Values of s h e a r  and t h e  corresponding 
wavelengths of s c a t t e r e d  l i g h t  could 

SCATTERED LIGHT 

then be-obtained.  Various d r i v i n g  
weights were used t o  change t h e  angular  
v e l o c i t y  of  t h e  f i rs t  wheel t o  a d j u s t  

Figure 4.- Apparatus for the calibration of 
liquid crystals with shear. 

t h e  shear .  The s h e s r  was c a l c u l a t e d  from t h e  d i f f e r e n c e  between t h e  f o r c e  
gage readings under equi l ibr ium (running and s t a t i c )  condi t ions  d iv ided  by t h e  
a r e a  of t he  coated annulus.  The wavelength of s c a t t e r e d  l i g h t  was measured by 
using t h e  technique and o p t i c a l  equipment descr ibed i n  connection with t h e  
s t a t i c  temperature c a l i b r a t i o n  experiment. 

In t h e  s h e a r  c a l i b r a t i o n  apparatus ,  t he  f i r s t  wheel was made of  s o l i d  
aluminum, wi th  t h e  annulus of 97.75 mm outer  diameter  and 87.80 mm i n n e r  diam- 
e t e r ,  g iv ing  an a r e a  of 14.50 cm2. 
black lacquer .  The second wheel was made of t r anspa ren t  p l a s t i c  ma te r i a l  wi th  
an annulus matching t h a t  of t he  f irst  wheel. 
c o i l - s p r i n g  type ,  with a range from 0 t o  500 g. 

The annulus su r face  was coated wi th  f l a t  

The f o r c e  gage was of t h e  

PIPE-FLOW EXPERIMENT 

The apparatus  shown schematical ly  i n  f i g u r e  5 i s  modeled on t h a t  used by 
Preston ( r e f .  5) f o r  t h e  c a l i b r a t i o n  of p i t o t  tubes  i n  contac t  with t h e  wa l l  
as a means f o r  measuring s k i n  f r i c t i o n .  This pipe-flow experiment can provide 
a s imple method f o r  c a l i b r a t i n g  shear ,  s ince ,  f o r  a p ipe  with smooth walls and 
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s t eady  tu rbu len t  flow, t h e  s t a t i c  
p r e s s u r e  drop i n  a given length  becomes 
cons tan t  and i s  given by 

4L 
O D  

A F P T  - - 

where Ap i s  t h e  p re s su re  drop over  a 
length  L i n  a p ipe  of i n s i d e  diameter  

TRIP D ,  and T~ i s  t h e  l o c a l  va lue  of s h e a r .  
H Therefore ,  t h e  shea r  can be  c a l c u l a t e d  

d i r e c t l y  from t h e  s t a t i c  p res su re  drop 
i n  the  p i p e .  Figure 5.- Schematic arrangement of the pipe-flow 

experiment. 

I n  t h i s  experiment,  a long g l a s s  p i p e ,  47-mm i n s i d e  diameter ,  wi th  a 
250-mm-long removable t e s t  s e c t i o n  was connected t o  a l a r g e  vacuum system. 
With p a r t  o f  t h e  t es t  s e c t i o n  i n t e r n a l l y  coated with a l i q u i d  c r y s t a l  mixture ,  
t h e  co lor  changes and behavior  of t h e  coa t ing  could be  observed from t h e  out-  
s i d e  aga ins t  a b lack  background pa in t ed  e x t e r n a l l y  on t h e  oppos i te  s i d e  of t h e  
tes t  s e c t i o n .  

From t e s t - s e c t i o n  measurements of t h e  dynamic and t h e  t o t a l  p re s su re  a t  
var ious  r a d i i ,  and t h e  t o t a l  temperature near  t h e  p ipe  i n l e t ,  i t  was p o s s i b l e  
t o  c a l c u l a t e  t h e  Mach number, Reynolds number, and v e l o c i t y  d i s t r i b u t i o n s  
across  the p ipe .  Fur ther ,  t he  l o c a l  s k i n  f r i c t i o n  could be  computed from t h e  
s t a t i c  pressure  drop over  a known length  i n  t h e  f u l l y  t u r b u l e n t  flow reg ion .  
Op t i ca l  measurements of t h e  l i q u i d  c r y s t a l s  could be  made wi th  t h e  apparatus  
descr ibed e a r l i e r  ( see  f i g .  2 ) .  

While t h i s  pipe-flow experiment was designed f o r  t h e  c a l i b r a t i o n  of  
shea r - sens i t i ve  l i q u i d  c r y s t a l s ,  s o  f a r  it has been mainly employed t o  observe 
t h e  behavior  of t hese  substances i n  a wind-tunnel environment. 

MEASUREMENTS AND RESULTS 

A search was made f o r  a l i q u i d  c r y s t a l  material t h a t  would e x l i b i t  a 
s i g n i f i c a n t  v a r i a t i o n  i n  wavelength of  maximum s c a t t e r i n g  due t o  s h e a r ,  r e l a -  

40 t i v e  t o  t h e  v a r i a t i o n  due t o  temperature ,  
p r e s s u r e ,  and angle  of viewing. The 
f i e l d  was f i n a l l y  narrowed t o  mixtures 

nonanoate,  c h o l e s t e r y l  c h l o r i d e ,  choles-  

carbonate .  The s t a t i c  c a l i b r a t i o n  
curves i n  f i g u r e  6 show t h e  temperature  

s c a t t e r i n g  a t  

propor t ions  of  t h e  four-component 

3o 

: \ I Lj,,j L 3 of  fou r  components : choles  t e r y l  E 2 0 -  

E o  n t e r y l  benzoate ,  and c h o l e s t e r y l  o l e y l  
I O -  

LCS-14 

-10 - 

I dependence o f  t h e  wavelength of maximum 525 550 575 600 625 650 675 
WAVELENGTH, nm c1 = 0' and p = 760 t o r r  

Figure 6.- Static temperature calibration curves f o r  three liquid crysta1 mixtures * The 
of LCS-12, LCS-14, and LCS-15. 
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mixtures ,  LCS-12, LCS-14, and LCS-15, are given i n  t a b l e  I .  

TABLE I . -  PROPORTIONS OF L I Q U I D  CRYSTAL MIXTURES 
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correspond t o  p = 760 t o r r  and ct = O o ,  
l o " ,  20°, and 30'. From t h e  graph of 
f i g u r e  7,  i t  i s  c lear  t h a t  t h e  wave- 
length of maximum s c a t t e r i n g  depends on 

- a .  A s  ct i nc reases ,  t h e  curve s h i f t s  
toward t h e  r ed  end of t h e  spectrum and 
becomes somewhat more dependent on tem- 
Derature .  I t  i s  d e s i r a b l e  t o  have a 

- 
- 

- 

- 

30 .OO 25 .OO 
10 .oo 

LCS- 15, 
percent  Components 

60 .OO Cholesteryl  nonanoate 
26.75 Cholesteryl  c h l o r i d e  

8.25 1 Cholesteryl  benzoate  1 
5 .OO Cholesteryl  o l e y l  carbonate 

Maintaining cons tan t  t h e  percentage of choles  t e r y l  nonanoate and 
c h o l e s t e r y l  o l e y l  carbonate  made i t  poss ib le  t o  i n t e r p r e t  t he  e f f e c t s  of vary- 
i n g  propor t ions  of  c h o l e s t e r y l  ch lo r ide  and c h o l e s t e r y l  benzoate .  
known beforehand t h a t  t h e  wavelength of s c a t t e r e d  l i g h t  from c h o l e s t e r y l  
nonanoate /choles te ry l  ch lo r ide  mixtures i s  independent of temperature over  
l a rge  temperature  spans ( r e f .  4 ) .  Measurements on a mixture of c h o l e s t e r y l  
nonanoate, c h o l e s t e r y l  ch lo r ide ,  and cho le s t e ry l  o l e y l  carbonate2 showed t h a t  
t h e  a d d i t i o n  of  t h e  l a t t e r  component, besides  lowering t h e  melt ing p o i n t ,  had 
t h e  e f f e c t  o f  maintaining the  c a l i b r a t i o n  l i n e  s t r a i g h t  whi le  g iv ing  it  a 
p o s i t i v e  s l o p e .  
i nc reas ing  percentage of c h o l e s t e r y l  ch lor ide  mainly s h i f t s  t h e  curve toward 
t h e  r ed  end of t h e  spectrum, whi le  an increas ing  percentage of  c h o l e s t e r y l  
benzoate  r o t a t e s  t h e  curve i n  a counterclockwise d i r e c t i o n .  Curvatures and 
i n f l e c t i o n s  i n  t h e  graph of  f i g u r e  6 are not easy t o  i n t e r p r e t  wi th  t h e  
a v a i l a b l e  d a t a .  
i m p u r i t i e s .  

I t  was 

With r e fe rence  t o  f i g u r e  6 ,  experience showed t h a t  an 

They could be  due t o  t h e  mixture of t h e  main components o r  t o  

550 560 570 586 -5% 600 610 620 
WIWELENGTH. nm 

I 

l i q u i d  c r y s t a l  mixture i n  which t h e  
inf luence  of ct i s  small s o  t h a t  t h e  

Figure 7. - Static temperature calibration curves technique w i l l  b e  app l i cab le  t o  surfaces  
of LCS-15. of l a rge  cu rva tu re .  

2Supplied t o  t h e  authors  by J .  L.  Fergason of t h e  Liquid Crys t a l  
I n s t i t u t e  i n  Kent, Ohio. 
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Separate  measurements were a l s o  made a t  p = 380 and 10 t o r r .  The curves 
of temperature versus  wavelength f o r  t h e  t h r e e  va lues  of  p re s su re  a t  
s t a n t  revealed t h a t  t h e  e f f e c t  of p re s su re  can be considered n e g l i g i b l e  by 
comparison with t h e  e f f e c t  o f  The g r e a t e s t  spread  was c o n s i s t e n t l y  
observed a t  temperatures above 20" C ,  and showed a maximum spread  i n  
wavelength of 4 nm. 

ments were made a f t e r  t he  l i q u i d  c r y s t a l  coa t ing  had been "a l ined ."  This  
meant blowing a i r  on i t ,  a t  a shallow angle  of incidence b u t  i n  any d i r e c t i o n ,  
p r i o r  t o  t ak ing  measurements. F a i l u r e  t o  do s o  would usua l ly  r e s u l t  i n  double 
peaks of t h e  wavelength of maximum s c a t t e r i n g  and l a rge  and i n c o n s i s t e n t  devi-  
a t i o n s  i n  t h e  angle  dependency. This I 'al ining" w i l l  occur ,  o f  course ,  
automatical ly  i n  a shea r  c a l i b r a t i o n  o r  wind-tunnel experiment.  

c1 con- 

a .  

I t  must be mentioned a t  t h i s  s t a g e  t h a t  a l l  s t a t i c  c a l i b r a t i o n  measure- 

I Z r  

l o -  

"E 8 -  s 
k 6 -  

5 4 -  

2 -  

W 

0 

c a t i o n  r e t u r n s  toward t h e  b l u e  end of 
t h e  spectrum. Above 10 g/cm2, a s a t u r a -  
t i o n  takes  p l ace  and no f u r t h e r  change 

v 
oi\ 
l o  i n  wavelength can be de t ec t ed .  For  =\ 
\ o a  

0'90 LCS-15, s t r o n g  s i n g l e  peaks i n  t h e  wave- 
length of maximum s c a t t e r i n g  were 
observed where t h e  curve has a p o s i t i v e  
s l o p e .  I n  t h e  reg ion  of nega t ive  s l o p e  

J and beyond, peaks were d i f f i c u l t  t o  

Ca l ib ra t ion  tes ts  us ing  LCS-12 gave a curve s h i f t e d  on t h e  s h e a r  s c a l e  
and with d i f f e r e n t  s l o p e s ,  sugges t ing  t h a t  l i q u i d  c r y s t a l  mixtures  could be 
modified t o  obta in  o t h e r  s e n s i t i v i t i e s  and ranges on t h e  s h e a r  s c a l e .  

I n  t h i s  i n v e s t i g a t i o n ,  no measurements were made t o  determine t h e  e f f e c t s  
of temperature and angle  of i l l umina t ion  and viewing on t h e  response of t h e  
l i q u i d  crystals whi le  sub jec t ed  t o  s h e a r .  Force measurements remained s t eady  
during each run ,  and proved t o  be r epea tab le  and independent of t h e  th i ckness  
of t h e  l i q u i d  c r y s t a l  l aye r .  

The s t a t i c  temperature and angle  c a l i b r a t i o n  curves ( f i g .  7) and t h e  
shea r  c a l i b r a t i o n  curve ( f i g .  8) f o r  LCS-15 i n d i c a t e  t h e  importance of ob ta in-  
ing  l i q u i d  c r y s t a l  mixtures t h a t  minimize t h e  v a r i a t i o n s  due t o  angle  and 
temperature r e l a t i v e  t o  shea r  s e n s i t i v i t y .  

The pipe-flow experiment provided a use fu l  t o o l  f o r  t h e  observa t ion  of 
P r e -  shea r - sens i t i ve  l i q u i d  c r y s t a l s  under aerodynamic t e s t i n g  cond i t ions .  

l iminary q u a l i t a t i v e  tes ts  were made wi th  LCS-12 i n s t e a d  of  LCS-15, s i n c e  i t  
showed g r e a t e r  s e n s i t i v i t y  i n  the  s h e a r  range ob ta inab le  from t h i s  appara tus .  
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(a) Thin coating of LCS-12. 

(b) Thicker coating of LCS-12. 

Figure 9.- Surface roughness of liquid crystal 
coatings in pipe-flow experiments, flow from 
right to left. 

LCS-12 was app l i ed  t o  t h e  i n s i d e  
wall of t h e  g l a s s  t e s t  s e c t i o n .  
A l l  runs were made wi th  a cen te r -  
l i n e  Reynolds number of  5 .O8x1O5, 
and a c e n t e r l i n e  Mach number of 
0 .68 ,  r e s u l t i n g  i n  a s k i n  f r i c t i o n  
o f  0.55 g/cm2. Photographs of  
r e s u l t i n g  flow p a t t e r n s  a r e  shown 
i n  f i g u r e  9 ,  wi th  t h e  flow from 
r i g h t  t o  l e f t .  

No good c o l o r  i n d i c a t i o n  was 
observed f o r  very  t h i n  coa t ings  , 
which was a l s o  t h e  case wi th  
t empera tu re - sens i t i ve  l i q u i d  
c r y s t a l  mixtures  ( r e f .  1) . Thin 
coa t ings  d i sp layed  b r i l l i a n t  co lo r  
when sub jec t ed  t o  t h e  aerodynamic 
s h e a r  fo rces  i n  t h e  t u r b u l e n t  
boundary l a y e r  of t h e  p ipe ;  however, 
t hey  tended t o  flow and develop a 
roughened s u r f a c e  ( see  f i g .  9 ( a ) ) .  
With a t h i c k  coa t ing ,  t r a n s v e r s e  
bars pro t ruded  from t h e  l i q u i d  
crystal s u r f a c e  and t r a v e l e d  down- 
s t ream l i k e  propagat ing  waves. 
This  i s  i l l u s t r a t e d  i n  f i g u r e  9 (b) , 
i n  which t h e  c l ean  g l a s s  s u r f a c e  on 
t h e  l e f t  i s  becoming coated by t h e  

flowing l i q u i d  c r y s t a l s .  
measurement o f  s k i n  f r i c t i o n  i n  aerodynamic t e s t i n g .  
were not  observed wi th  t h i c k  coa t ings  of  tempera ture-sens i t ive  l i q u i d  c r y s t a l s  
( r e f s .  1 and 2 ) .  

Such s u r f a c e  roughness must be  avoided f o r  t h e  
These propagat ing  waves 

From s t i l l  and motion p i c t u r e s ,  as well as d i r e c t  observa t ion ,  t h e  coat-  
i ng  i n  f i g u r e  9 (a )  showed a f a i r l y  uniform c o l o r  during t h e  run .  
u s ing  LCS-12 with a t h i n  coa t ing  l i k e  tha t  i n  f i g u r e  9 (a )  , t h e  c o l o r  was seen  
t o  go from r e d  t o  green during t h e  change from s t a t i c  t o  maximum flow condi- 
t i o n s .  For LCS-12, t h e  wavelength v a r i a t i o n  due t o  cool ing  i s  i n  t h e  same 
d i r e c t i o n  and of  s i g n i f i c a n t  magnitude r e l a t i v e  t o  t h e  observed change due t o  
shea r ;  t h e r e f o r e  LCS-12 was not  considered s u i t a b l e  f o r  q u a n t i t a t i v e  
measurements. 

I n  a t e s t  

Attempts t o  measure wavelengths using t h e  pipe-flow experiment were not  
success fu l  because of t he  uns teadiness  of t h e  s c a t t e r e d  l i g h t  s i g n a l ,  caused 
both by a change of i n t e n s i t y  r e s u l t i n g  from the  motion i n  t h e  roughened sur -  
face, and presumably by the  f l u c t u a t i o n s  o f  t h e  l o c a l  t u r b u l e n t  s k i n  f r i c t i o n  
va lue .  
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CONCLUDING REMARKS 

The main con t r ibu t ions  of t h i s  explora tory  i n v e s t i g a t i o n  on t h e  
measurement of s k i n  f r i c t i o n  by means of l i q u i d  c r y s t a l s  can b e  summarized as 
f n l l o w  : 

1. Experimental apparatus  and ins t rumenta t ion  were devised f o r  t h e  
q u a n t i t a t i v e  c a l i b r a t i o n  of t h e  o p t i c a l  response of l i q u i d  c r y s t a l  substances 
as a func t ion  of shea r ,  temperature ,  p re s su re ,  and angle  of viewing. 

2 .  Proof was obtained t h a t  s t a b l e  l i q u i d  c r y s t a l  substances could be  
found and mixed i n  given propor t ions  t o  provide a material wi th  low 
s e n s i t i v i t y  t o  temperature and good response t o  shea r .  

3 .  S t a t i c  c a l i b r a t i o n  r e s u l t s  f o r  a shea r  responsive b u t  l a r g e l y  
tempera ture- insens i t ive  l i q u i d  c r y s t a l  mixture showed t h a t  t h e  wavelength of 
maximum s c a t t e r i n g  f o r  t h i s  substance had p r a c t i c a l l y  no p res su re  dependence, 
and only a small  dependence on the  angle  of viewing. 

4 .  Shear c a l i b r a t i o n  r e s u l t s  suggested t h a t  s h e a r - s e n s i t i v e  l i q u i d  
c r y s t a l  mixtures could be modified t o  ob ta in  var ious degrees of  s e n s i t i v i t y  
and cover d i f f e r e n t  ranges on t h e  shea r  s c a l e .  

5 .  Pipe-flow experiments revea led  t h a t ,  f o r  t he  s h e a r - s e n s i t i v e  l i q u i d  
c r y s t a l  mixtures t e s t e d ,  t h e  coa t ing  th i ckness  must be s u f f i c i e n t l y  t h i n  t o  
avoid su r face  roughness p a t t e r n s  when sub jec t ed  t o  aerodynamic s h e a r  f o r c e s .  

From t h e  experience gained i n  t h i s  i n v e s t i g a t i o n ,  it i s  p o s s i b l e  t o  
po in t  toward f u t u r e  research  ob jec t ives  f o r  t he  development of  a p r a c t i c a l  
system f o r  t h e  measurement of  l o c a l  s k i n  f r i c t i o n  us ing  s h e a r - s e n s i t i v e  l i q u i d  
c r y s t a l  mixtures.  These ob jec t ives  are:  

1. To ob ta in  l i q u i d  c r y s t a l  mixtures with low temperature ,  angle  and 
p res su re  dependence; responsive over  a l a r g e  p o r t i o n  of  t h e  v i s i b l e  spectrum, 
i n  the  shear  ranges of i n t e r e s t  i n  aerodynamic t e s t i n g :  
t o  1 . 5  g/cm2, and 1 .5  t o  2 . 5  g/cm2. 

0 t o  0 .5  g/cm2, 0 .5  

2 .  To develop means f o r  keeping t h e  l i q u i d  c r y s t a l  s u r f a c e  smooth when 
sub jec t ed  t o  aerodynamic s h e a r  f o r c e s ,  and means f o r  damping ou t  o s c i l l a t i o n s  
i n  shea r  such as occur i n  tu rbu len t  boundary l a y e r s .  Such r e s u l t s  could per -  
haps be  achieved if the  l i q u i d  c r y s t a l  s u r f a c e  were sh i e lded  wi th  a tough, 
t h i n ,  and t r anspa ren t  f i l m  d i s t r i b u t e d  over  t h e  s u r f a c e  i n  small s e p a r a t e  
p i e c e s .  

3 .  To develop an e f f e c t i v e  measuring system capable  of  d e t e c t i n g  t h e  
wavelength of  s c a t t e r e d  l i g h t  from l i q u i d  c r y s t a l s  over  t h e  s u r f a c e  of a model 
w i th in  a s h o r t  pe r iod  of t ime.  
v i s i o n  camera with appropr ia te  f i l t e r i n g  and a f a s t  record ing  device .  

Such a system could be  based on a c o l o r  t e l e -  
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Although a cons iderable  amount of  research  and development would s t i l l  
be  requi red  be fo re  such a method can be  p r a c t i c a l l y  implemented, t h e  au tho r s  
be l i eve  t h a t  s h e a r - s e n s i t i v e  l i q u i d  c r y s t a l  mixtures  could o f f e r  a va luab le  
new means f o r  t h e  measurement o f  l o c a l  skin f r i c t i o n  on t h e  s u r f a c e  o f  
wind-tunnel- tes ted models. 
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